



















































































genetics	 screen	 has	 identified	 invisible	 to	 arbuscular	 mycorrhizal	 fungi	 (ina),	 a	 Zea	 mays	
mutant	phenotype	that	displays	a	complete	block	in	colonisation	when	inoculated	with	the	
arbuscular	 mycorrhizal	 fungus	 Rhizophagus	 irregularis.	 Extensive	 phenotyping	 has	
established	that	this	maize	mutant	lacks	the	ability	to	signal	to	its	symbiotic	partner	during	
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bacteria,	 protists,	 fungi,	 and	 archaea,	 and	 their	 interactions	with	 these	organisms	 include	
parasitism,	pathogenicity,	and	symbiosis	(1).	Nowhere	is	this	tight	linkage	between	plants	and	
their	microbial	 communities	more	apparent	 than	 in	 the	 rhizosphere,	where	plant-microbe	
interactions	may	open	up	new	avenues	for	plant	acquisition	of	soil-borne	nutrients	(2).	The	
rhizosphere	microbiome	includes	an	enormous	number	of	fungal	species	(3),	 including	the	












of	early	plant	 lineages	 for	 the	uptake	of	 required	nutrients	 from	the	soil	 (11).	Despite	 the	
development	of	root	systems	that	have	evolved	for	the	efficient	acquisition	of	nutrients	from	
















Due	to	 the	substantial	proportion	of	photosynthates	 that	plants	provide	 to	AM	fungi,	 it	 is	
likely	 that	 this	 symbiosis	 is	 an	 important	 component	 of	 the	 global	 carbon	 cycle	 (20,	 21).	







of	 plant	 roots.	 Before	 a	 working	 symbiosis	 has	 been	 established,	 the	 AM	 fungi	 exist	 as	
dormant	spores	in	the	soil	(12).	Although	AM	fungal	spores	have	the	capability	of	germinating	
in	the	absence	of	a	plant	host,	they	are	unable	to	complete	their	life	cycle	without	a	symbiotic	

















together	 to	 produce	 a	 synergistic	 effect	 on	 the	 fungal	 symbiont,	 causing	 a	 number	 of	
responses	 required	 to	 begin	 the	 symbiotic	 phase	of	 this	 life	 cycle.	 Indeed,	 evidence	 from	



































transport	 an	N-acetylglucosamine	 (GlcNAc)-related	 compound,	 and	 in	mutants	 of	NOPE1,	
there	 is	a	severely	compromised	ability	of	AM	fungi	 to	colonise	roots.	When	R.	 irregularis	
spores	were	provided	with	root	exudates	produced	by	WT	and	nope1	mutant	plants,	a	distinct	
fungal	 transcriptomic	 response	was	 seen	 to	 the	 different	 genotypes.	 Spores	 treated	with	
nope1	exudates	responded	with	a	reduced	number	of	induced	transcripts	compared	to	spores	










the	proposition	 that	 these	 compounds	were	one	of	 the	plant-derived	 signals	 that	 lead	 to	
activation	 of	 AM	 fungi	 (53-55).	 Additionally,	 flavonoids	 show	 differential	 accumulation	 in	
Medicago	 sativa	 roots	 according	 to	 symbiotic	 status	 (56)	 and	 have	 been	 implicated	 in	
increasing	 the	number	of	points	of	entry	 through	which	 the	 fungus	penetrates	 roots	 (57).	
However,	despite	their	effect	on	hyphal	growth,	flavonoids	were	found	to	be	dispensable	for	











R.	 irregularis	 spores	 are	 much	 smaller	 and	 more	 difficult	 to	 observe	 than	 the	 larger	 G.	
gigantea	spores	(59).	Recent	work	has	stimulated	hyphal	branching,	higher	metabolic	status,	






AM	 fungi	 contribute	 to	 the	 pre-symbiotic	 molecular	 dialogue	 with	 their	 own	 signalling	
compounds	released	into	the	soil	to	prime	their	plant	hosts	for	existence	as	a	symbiont.	The	
fungi	 release	 a	 swathe	 of	 molecules	 upon	 germination	 in	 an	 analogous	 fashion	 to	 the	





GR24,	 the	 spores	 produced	 an	 altered	 GSE	 composition	 with	 increased	 short-chain	 CO	
concentrations,	and	was	more	potent	in	inducing	a	plant	response	(61).		
As	 well	 as	 chitinaceous	 molecules,	 a	 secreted	 protein,	 SL-INDUCED	 PUTATIVE	 SECRETED	
PROTEIN	 1	 (SIS1)	 (1.5.2),	 was	 identified	 that,	 when	 knocked	 down	 by	 host-induced	 gene	








microbe-derived	 molecules	 called	 Microbe-Associated	 Molecular	 Patterns	 (MAMPs),	 an	
important	ability	for	recognising	potential	microbial	pathogens	that	may	cause	harm,	or	when	
recognising	 a	 potential	 symbiotic	 partner	 (64).	MAMPs	 are	 conserved	molecular	 features	
common	to	groups	of	microorganisms,	and		the	compounds	that	enable	plants	to	recognise	
fungi	are	largely	derived	from	the	fungal	cell	wall	that	is	composed	of	β-(1,3)	glucan	and	chitin	
assembled	 into	complex,	 fibrous	structures	 (65,	66).	Although	the	exact	composure	of	the	
fungal	 cell	 wall	 varies	 by	 species,	 chitin	 oligosaccharides	 formed	 from	 polymers	 of	 N-









Nod	 factors	 and	 AM-produced	Myc	 factors	 are	 both	 recognised	 by	 Receptor-Like	 Kinases	
(RLKs).	One	known	RLK	with	a	role	in	plant	perception	of	AM	fungi	is	SYMBIOSIS	RECEPTOR	
KINASE	(SYMRK)	(71),	which	activates	a	calcium-signalling	response	in	the	plant	host,	leading	
to	a	 suite	of	molecular	 and	gene	expression	 changes	 (61,	72).	 Known	components	of	 this	
calcium	 spiking	 response	 include	 cation	 channels	 localised	 to	 the	 nuclear	 envelope	 that	
counter	 the	 flux	 of	 Ca2+	 (73,	 74),	 a	 calcium-	 and	 calmodulin-dependent	 serine/threonine	
protein	kinase	(CCaMK)	required	for	translating	the	calcium	signal	to	cellular	responses	(75),	
and	 its	phosphorylation	 target,	CYCLOPS,	 that	 transduces	 the	 signal	 to	activate	 symbiosis-
related	 responses	 (76,	 77).	 The	 methods	 by	 which	 AM	 fungi	 and	 N-fixing	 rhizobia	 then	
physically	 contact	 their	 host	 and	 proceed	 to	 a	 symbiotic	 stage	 differ	 (78,	 79),	 but	 this	
conservation	 of	 the	 recognition	 of	 chemically-related	 chitinaceous	 molecules	 and	 initial	
signalling	mechanisms	 has	 led	 to	 the	 naming	 of	 this	 pathway	 as	 the	 Common	 Symbiosis	
Signalling	Pathway	(CSSP)	(80).		
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Plant	 Lysin	Motif	 (LysM)-RLKs	 such	 as	 rice	CHITIN	 ELICITOR	 RECEPTOR	 KINASE	 1	 (CERK1),	
homolog	of	the	legume	NOD	FACTOR	RECEPTOR	1	(NFR1),	recognise	MAMPs	during	immune	
responses	 (67,	 81).	 CERK1	 plays	 an	 additional	 role	 in	 the	 recognition	 of	 chitinaceous	
molecules	produced	by	fungi	during	the	AM	symbiosis	(81,	82),	and	is	required	for	the	calcium	
spiking	 response	 that	 occurs	 following	 plant	 perception	 of	 chitin	 (83).	Mutants	 of	 CERK1	
display	reduced	colonisation	by	AM	fungi,	highlighting	the	role	of	this	receptor	in	the	plant	
perception	of	pre-symbiotic	signals	(81,	82).	CERK1	is	known	to	form	a	receptor	complex	with	
CHITIN	 ELICITOR	 BINDING	 PROTEIN	 (CEBiP)	 during	 its	 role	 in	 immunity	 signalling	 and	 the	
recognition	 of	 pathogenic	MAMPs	 (81,	 84).	 However,	 mutants	 of	 CEBiP	 do	 not	 display	 a	





SLs	 are	 a	 hugely	 important	 plant-derived	 signal	 during	 the	 pre-symbiosis	 (1.3.1.1),	 and	
understanding	plant	SL	signalling	 is	also	 important	when	considering	plant	perception	and	
preparation	for	a	symbiotic	encounter.	SL	signalling	in	plants	involves	F-box	protein-mediated	





















Once	 mutual	 recognition	 has	 occurred,	 and	 the	 AM	 fungal	 spores	 have	 recognised	 the	
presence	of	a	host	plant,	there	is	an	increase	in	hyphal	growth	in	the	direction	of	the	plant	
roots.	This	growth	through	the	soil	increases	the	chances	of	the	fungal	hyphae	meeting	the	

















There	are	 two	key	developmental	 strategies	adopted	by	AM	fungi	during	 their	movement	
through	the	root	cortical	cells,	Paris-type,	where	fungal	spread	is	exclusively	intracellular	and	
arbuscule	 coils	 are	 formed,	 and	 Arum-type,	 where	 hyphae	 move	 intercellularly	 before	
penetrating	 cortical	 cells	 to	 form	 neat	 lines	 of	 arbuscules	 (97).	 The	 well-studied	 lab	 AM	
fungus,	R.	irregularis	undergoes	an	Arum-type	development	upon	colonisation	of	a	majority	






The	PAM	 is	 continuous	with	 the	plant	 cell	membrane,	 and	 changes	 its	dynamics	with	 the	
growth	of	the	fungus	(99).	Fungal	development	inside	cortical	cells	starts	as	a	thick	hyphal	
branch	and	later	undergoes	dichotomous	branching	to	create	finer	and	finer	branches	to	form	
an	 arbuscule,	 the	 core	 symbiotic	 structure	 responsible	 for	 nutrient	 exchange	 between	


















the	 late	 stages	 of	 the	 symbiosis	 in	 the	 fungal	 spores	 (108).	 AM	 fungi	 are	 coenocytic	 and	
produce	multinucleate	 spores	 that	 germinate	 in	 response	 to	 the	 presence	 of	 a	 host	 and	
restart	the	initial	stages	of	the	symbiosis.	A	number	of	the	many	nuclei	within	these	spores	






The	 central	 purpose	 of	 the	 AM	 symbiosis	 is	 the	 cross-kingdom	 trade	 of	 nutrients.	 Plants	
provide	a	service	to	AM	fungi	that	they	provide	for	a	majority	of	the	world’s	heterotrophic	
organisms;	 they	 fix	carbon	 for	use	 in	organic	processes.	AM	fungi	are	auxotrophs,	and,	as	
opposed	to	numerous	other	auxotrophs	that	obtain	carbon	from	living	or	dead	plant	matter,	
Figure	1.1:	AM	fungal	colonisation	of	host	roots.	A)	Colonisation	proceeds	through	a	series	of	defined	steps:	1.	




























(PHT)	 family,	 specifically,	 by	 transporters	 from	 the	 subfamily	 PHT1,	whose	members	 also	
facilitate	direct	uptake	of	phosphate	from	the	soil	(120).	PHT1	family	members	required	for	
phosphate	uptake	at	 the	arbuscule	are	 induced	under	mycorrhizal	 colonisation	conditions	
when	they	can	be	seen	to	localise	to	the	PAM,	and	have	been	identified	in	a	number	of	plant	
species	(101,	105,	121-123).		













(122,	123).	 	The	early	collapse	of	 the	arbuscule	 in	 these	cases	may	prevent	 the	continued	
proliferation	of	 a	 fungus	 that	 the	plant	perceives	 to	be	of	 little	benefit	 (122).	 In	 rice,	 this	
nutrient	 sensing	 has	 been	 proposed	 as	 the	 purpose	 of	 an	 additional	 rice	 phosphate	




also	 involves	 N	 transfer	 by	 the	 fungus,	 according	 to	 observations	 that	 premature	





















fungal	 species	 including	R.	 irregularis.	RiMST2	 is	 likely	expressed	 in	planta	 and	has	a	high	
affinity	for	glucose,	and	knockdown	of	RiMST2	expression	causes	reduced	colonisation	and	
abnormal	arbuscule	 formation	 (134).	Additional	monosaccharide	 transporters	RiMST5	 and	
RiMST6	have	also	been	identified	(135).		
Roots	colonised	by	AM	fungi	act	as	carbon	sinks,	where	sugars	are	directed	from	their	site	of	
production	 in	 leaves	 to	 roots	 (136).	 AM	 colonisation	 induces	 cell-specific	 induction	 of	
invertases	 near	 fungal	 structures	 (137),	 likely	 cleaving	 sucrose	 for	 use	 by	 the	 fungus	 as	
monosaccharides	(134).	The	hypothesis	that	carbohydrates	may	be	transported	to	AM	fungi	
within	 plant	 tissue	 is	 supported	 by	 the	 finding	 that	 the	 promoters	 of	 SUGARS	 WILL	


















genome,	 no	 multidomain	 FAS-encoding	 sequences	 could	 be	 found	 (143).	 Data	 from	 the	
genome	sequencing	of	AM	fungi	has	clarified	that	these	organisms	lack	genes	encoding	the	


















An	 additional	 lipid	 biosynthesis	 gene	 involved	 in	 producing	 lipids	 for	 AM	 fungi	 was	 first	
identified	due	to	its	conservation	in	AM	hosts.	This	gene	encodes	an	acyl-acyl	carrier	protein	
(ACP)	thioesterase	(Fat)	(154),	a	FA	biosynthetic	enzyme	that	acts	in	the	plastid	to	terminate	







with	 the	 FatM	 gene	 itself,	 restoring	 WT	 arbuscules	 and	 high	 colonisation	 (156).	 It	 was	











produces	 16:0	 β-monoacylglycerols	 (β-MAGs)	 (161),	 which	 serve	 as	 precursors	 for	 cutin	
biosynthesis	(164).	Levels	of	these	β-MAGs	were	lower	in	ram2	and	dis	mutants,	and	thus	DIS	
probably	provides	FA	precursor	substrates	for	RAM2	to	produce	16:0	β-MAGs	(153).	A	parallel	



























is	 still	 in	 its	 infancy,	 though	 increasing	 evidence	 is	mounting	 for	 a	 hugely	 important	 lipid	
export	 pathway	 in	 plants	 that	 functions	 solely	 to	 provide	 a	 carbon	 source	 for	 AM	 fungi.	
Though	16:0	β-MAGs	are	a	good	candidate,	it	is	yet	unknown	exactly	which	form	of	lipids	are	













of	 lipid	 that	 is	then	 transported	to	the	fungus.	The	complex	formed	by	the	 two	half-sized	ABC	transporters	
STR/STR2	is	predicted	to	transport	these	lipids	to	the	fungus,	though	this	has	yet	to	be	confirmed.		 
	 24	




these	 fungi.	 It	 is	 yet	 unclear	 whether	 AM	 fungi	 are	 heterokaryotic	 (173),	 supporting	
populations	of	genetically	different	nuclei,	or	homokaryotic,	where	the	numerous	nuclei	are	
highly	 genetically	 similar	 (174,	 175).	 These	 spores	 are	 often	 described	 as	 asexual,	 and	
evidence	 based	 upon	 analyses	 of	 recombination	 rate	 have	 concluded	 that	 AM	 fungi	 are	
ancient	 asexual	 organisms	 and	 produce	 spores	 clonally	 (176).	 Recent	 evidence,	 however,	
suggests	 that,	not	only	do	AM	fungi	 show	signs	of	 infrequent	 recombination	 (177,	178),	a	
number	of	 species	contain	conserved	meiotic	genes	and	therefore	are	 likely	 to	be	able	 to	
undergo	conventional	meiosis	(179).	It	may	be	that,	although	the	predominantly	clonal	life	






The	most	well-studied	AM	 fungal	 species	 is	R.	 irregularis,	 and	one	 strain	of	R.	 irregularis,	
DAOM197198,	was	the	first	of	the	AM	fungi	to	have	its	whole	genome	sequenced,	revealing	















gene	 repertoires	 are	 compared	 to	 those	 of	 related	 fungi	 from	 the	Mucoromycotina	 and	





Understanding	 of	 the	 gene	 repertoire	 of	 AM	 fungi	 has	 been	 advanced	 through	





appear	 to	 be	 important	 for	 a	 symbiotic	 lifestyle,	 including	 the	 enrichment	 of	 transcripts	
associated	 with	 signal	 transduction,	 transport,	 and	 secreted	 proteins,	 and	 a	 lack	 of	 core	





or	 shielding	 the	 fungus	 itself	 (190).	 Searching	 for	 secreted	 proteins	 of	 AM	 fungi	 became	
possible	with	 the	 availability	 of	 transcriptome	 datasets,	 and	 secreted	 proteins	 have	 been	
identified	 and	 characterised	 by	 searching	 for	 the	 signatures	 such	 as	 small	 size	 and	 the	
presence	 of	 signal	 peptides	 (191-193).	 Laser	 microdissection	 enabling	 analysis	 of	 specific	




focused	 on	 due	 to	 its	 homology	 to	 repeat-containing	 proteins	 from	Plasmodium	 that	 are	
expressed	during	host	invasion.	It	was	demonstrated	that	SP7	is	localised	to	the	nucleus	and	
can	 cross	 the	 plant	 membrane,	 and	 overexpression	 of	 the	 gene	 encoding	 SP7	 causes	
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enhanced	 mycorrhizal	 colonisation	 of	 transformed	 ‘hairy	 root’	 cultures	 (195).	 Recent	
evidence	supports	a	possible	role	of	SP7	at	the	root	epidermis,	as	extraradical	hyphae	close	
to	host	roots	expressed	SP7	at	higher	levels	than	hyphae	further	away	in	the	soil	(196).	
The	 R.	 irregularis	 putative	 secreted	 protein	 SL-INDUCED	 PUTATIVE	 SECRETED	 PROTEIN	 1	
(SIS1)	was	selected	for	further	study	due	to	its	high	expression	in	SL-treated	spores	and	in	
colonised	 host	 plant	 tissue	 compared	 to	 non-treated	 control	 spores.	 SIS1	 function	 was	
validated	by	HIGS	knockdown	of	expression,	which	resulted	in	reduced	colonisation	levels	and	
the	 presence	 of	 stunted	 arbuscules	 compared	 to	 control	 root	 colonisation,	 where	 SIS1	
expression	and	arbuscule	morphology	was	WT.	The	presence	of	the	putative	secreted	protein	
SIS1	may	have	a	positive	regulatory	effect	on	the	colonisation	of	host	plants	(63).		




The	 secretomes	 of	R.	 clarus	 (193),	R.	 proliferus	 (192),	and	G.	 rosea	 (191)	have	 also	 been	
studied.	AM	fungi	likely	produce	a	core	set	of	conserved	secreted	proteins,	though	there	is	a	
clear	difference	in	effector	repertoire	in	more	distantly-related	species	(191-193).	Research	
into	AM	fungal	 secretomes	has	 revealed	 the	 likely	 importance	of	 secreted	proteins	 in	 the	














Functional	 characterisation	 needs	 to	 be	 carried	 out	 to	 develop	 an	 understanding	 on	 the	
biological	relevance	of	genes	revealed	during	transcriptomics	analyses	of	AM	fungi.	Reverse	
genetics	 methods	 that	 mutate	 genes	 of	 interest	 and	 study	 mutant	 phenotypes	 are	 key	
methods	 for	 understanding	 gene	 function,	which	 requires	mutagenesis	 of	 the	 genome	or	
genetic	transformation	of	the	organism	in	question	(203).	Particle	bombardment	allowing	for	
transformation	of	G.	rosea	has	previously	been	carried	out	(204,	205),	and	this	has	also	been	















of	 its	 knockdown	 phenotype	 and	 the	 identification	 that	 it	 is	 required	 for	 WT	 levels	 of	
colonisation	and	arbuscule	development	(134).	Additionally,	expression	of	R.	irregularis	14-3-
3-encoding	genes	was	reduced	using	RNAi	in	host	plants.	14-3-3	proteins	bind	and	regulate	






the	R.	 irregularis	 ammonium	 transporters	AMT1	 and	AMT2,	 functionality	 was	 studied	 by	
expressing	these	transporters	in	a	triple	knockout	of	yeast	with	impaired	ammonium	uptake.	
	 28	



























in	 attempting	 to	 infer	meaning	 from	 sequencing	 datasets	 of	 AM	 fungi	 that	 are	 currently	
poorly	understood	(215).	Although	these	mechanisms	exist	to	study	AM	fungal	gene	function,	
due	to	the	likely	high	percentage	of	unique	protein-encoding	genes	and	lack	of	transformation	






















studying	 the	 AM	 symbiosis	 in	 maize	 is	 important	 for	 translational	 research.	Maize	 has	 a	
sequenced	 reference	 genome	 with	 gene	 model	 annotation	 (220,	 221),	 and	 a	 number	 of	







conserved	 function	 in	 other	 AM-host	 species	 (33).	 In	 addition	 to	NOPE1,	 the	 phosphate	
transporter	ZmPT6,	the	ortholog	of	key	PAM-localised	phosphate	transporters	MtPT4	and	rice	


















(236,	 237).	 Plants	 of	 the	 Robertson’s	Mu	 strain	 contain	 a	 large	 number	 of	 copies	 of	Mu	
elements	with	a	high	rate	of	transposition	leading	to	a	high	mutation	frequency,	making	this	
system	highly	effective	in	generating	lines	where	the	Mu	element	has	interrupted	a	potential	






chromophore,	 mycorradicin	 (240).	 Maize	 root	 systems	 that	 have	 formed	 a	 functional	
symbiosis	with	AM	fungi	accumulate	mycorradicin,	causing	the	roots	to	appear	visibly	yellow	
(241).	 In	 comparison,	 non-colonised	 roots	 are	 pale	 white	 in	 colour.	 Mycorradicin	 is	 an	
apocarotenoid	formed	upon	oxidative	cleavage	of	a	carotenoid	precursor,	and	accumulates	
late	 during	 the	 symbiotic	 relationship,	 when	 the	 arbuscules	 within	 cortical	 cells	 begin	 to	
degrade	(242).	This	chromophore	accumulation	is	a	phenomenon	unique	to	the	Poaceae,	and	
it	is	exclusively	observed	in	roots	that	are	colonised	by	an	AM	fungus.	Attempts	to	encourage	
the	 accumulation	 of	 this	 chromophore	 using	 an	 increase	 in	 nutrient	 levels	 or	 hormone	
	 31	
treatment	has	proved	unsuccessful	(243).	Mycorradicin	accumulation	is	therefore	a	specific	
and	 useful	 tool	 in	 carrying	 out	 a	 high-throughput	 screen	 of	 mutagenised	maize	 lines	 for	
alterations	 to	 root	 colonisation	 properties	 by	R.	 irregularis.	As	 such,	 a	 number	 of	mutant	
phenotypes	were	identified	based	on	mycorradicin	accumulation	in	1,250	Mu-mutagenised	
maize	 lines.	 Seven	 lines	 were	 observed	 where	 mycorradicin	 phenotype	 was	 stable	 and	
heritable,	and	of	these,	one	displayed	increased	yellow	accumulation,	four	displayed	patchy	
or	 reduced	 accumulation,	 and	 two	 were	 identified	 due	 to	 an	 absence	 of	 mycorradicin	
accumulation	(240).	A	result	of	this	forward	genetics	screen	was	the	discovery	of	the	Major	
Facilitator	Transporter	NOPE1	(1.2.1.2),	identified	due	to	a	lack	of	accumulation	of	this	yellow	
pigment	 in	 mutant	 roots,	 caused	 by	 a	 strongly	 reduced	 colonisation	 level	 (33).	 The	



































is	 unable	 to	 associate	 with	 R.	 irregularis.	 Initial	 observations	 of	 this	 mutant	 phenotype	
suggested	the	possibility	of	erroneous	communication	during	the	initial,	pre-symbiotic,	stages	
of	the	symbiosis	(240),	and	this	research	intended	to	examine	the	cause	of	such	a	strong	block	





analyses	 to	 assess	 the	extent	of	 fungal	 colonisation	and	 fungal	 structures	 associated	with	
mutant	roots.	Research	into	the	ina	phenotype	led	to	the	conclusion	that	an	analysis	of	how	
R.	irregularis	responds	to	the	presence	of	ina	mutant	plants	is	required,	and	this	was	carried	

























































Cerealicoltura,	Sezione	di	Bergamo	 (240).	The	mutant	 individuals	were	crossed	 to	Z.	mays	
inbred	lines	B73	and	W22,	and	to	a	Mu	killer	line	in	the	W22	background	(244).	For	positional	












The	 rice	 d10	mutant	 used	 in	 this	 research,	 harbouring	 point	 mutations,	 was	 previously	
described	(88,	246),	as	was	the	rice	d27	mutant	material,	caused	by	a	deletion	resulting	in	a	
truncated	translation	product	(247).	WT	rice	used	in	this	study	was	the	cultivar	Shiokari,	as	
the	 d10	 and	 d27	mutants	 were	 backcrossed	 into	 this	 background	 (88).	 Rice	 seeds	 were	
manually	de-husked	and	washed	with	3%	sodium	hypochlorite	for	30	minutes	on	a	Heidolph	










were	 watered	 twice	 weekly	 with	 ½	 Hoagland’s	 Solution	 (Appendix:	 Table	 A1).	 After	 two	
months	of	growth,	colonisation	of	T.	patula	roots	was	examined	microscopically.	When	high	


































Non-inoculated	 exudate	 donor	 maize	 plants	 were	 pre-germinated	 and	 cultivated	 for	 six	
weeks	 according	 to	 the	 previously-described	 plant	 growth	 protocol	 (2.1.5).	 For	 exudate	
collection,	 six	week-old	 plants	were	 harvested,	 roots	washed	with	 autoclaved	 diH2O,	 and	
placed	into	500mL	conical	flasks	of	400mL	full	Hoagland’s	solution.	Two	maize	plants	were	
added	 to	 each	 flask,	with	 root	 systems	 completely	 submerged.	 Flasks	were	 covered	with	





plants	were	 inoculated	with	5mL	of	R.	 irregularis	crude	 inoculum,	 and	 received	100mL	of	
exudates	 from	 donor	 plants	 once	 every	 three	 days	 as	 an	 alternative	 to	 receiving	 full	




























































the	 dark	 at	 4°C	 in	 a	 solution	 of	 0.2µg/ml	 Alexa	 Fluor	 488	Wheat	Germ	Agglutinin	 (WGA)	
(Sigma-Aldrich,	 USA)	 diluted	 in	 1x	 Phosphate-Buffered	 Saline	 (PBS).	 Immediately	 prior	 to	
imaging,	root	pieces	were	stained	for	three	minutes	in	a	solution	of	10μg/ml	of	Propidium	
Iodide	 (Fisher	 Scientific,	 UK)	 to	 stain	 plant	 cell	 walls.	 Fluorescence	 of	 fungal	 and	 plant	







200X	magnification	 is	displayed,	and	 the	fungal	structures	are	 indicated	with	arrows.	These	fungal	structures	












sample.	 The	 samples	were	 then	 vortexed	 and	 transferred	 to	 a	 heat	 block	 at	 98°C	 for	 ten	












and	 reverse	 primers,	 and	 Promega	 GoTaq	 G2).	 Reactions	 were	 carried	 out	 using	 a	



















10mM	EDTA),	 incubation	 at	 -20°C	 for	 1h,	 and	 centrifugation	 for	 20	minutes	 (13,000rpm).	
Finally,	 the	 samples	 were	 washed	 twice	 with	 ice-cold	 75%	 EtOH	 and	 air-dried.	 Following	
extraction,	RNA	pellets	were	suspended	in	25μl	of	RNase-free	H2O	for	use	and	quantity	and	








deactivation	 of	 the	DNase	 I	 enzyme	 by	 incubation	with	 EDTA	 at	 65°C	 for	 five	minutes.	 A	
standard	 PCR	 analysis	 (5x	 GoTaq	 Buffer,	 10mM	dNTPs,	 25mM	MgCl2,	 10μM	 forward	 and	
reverse	primers,	and	Promega	GoTaq	G2)	was	carried	out	using	the	RNA	samples	as	templates	
to	 confirm	 removal	 of	 all	 contaminating	 gDNA	 using	 primers	 for	 ZmGAPDH.	 Lack	 of	










was	 assessed	 by	 carrying	 out	 a	 qRT-PCR	using	 five	 two-fold	 dilutions	 of	maize	 cDNA	 as	 a	
template.	 The	 Ct	 values	 obtained	 were	 plotted	 as	 a	 linear	 standard	 curve	 and	 efficiency	





buffer,	 3μM	 forward	 and	 reverse	 primer	mix,	MilliQ	 H2O,	 and	 Promega	 GoTaq	 G2).	 Each	
biological	 sample	 reaction	was	 carried	 out	 in	 triplicate	 technical	 replicates,	 and	 reactions	
were	carried	out	in	a	96	or	384-well	plate	(Thermo	Scientific)	using	a	Bio-Rad	CFX	Real-Time	
PCR	Detection	System	(Bio-Rad,	USA)	(Appendix:	Figure	A2).	For	each	maize	cDNA	sample,	
expression	 of	 three	 housekeeping	 genes,	 ZmGAPDH,	 ZmCyclophilin2,	 and	 Zmβ-actin,	
(Appendix:	 Table	 A3)	 was	 measured	 to	 normalise	 the	 expression	 of	 genes	 of	 interest.	
Expression	of	these	three	housekeeping	genes	in	each	sample	was	averaged	using	a	geomean,	
















































This	 enabled	 the	 identification	 of	 the	 haplotypes	most	 commonly	 observed	 in	WT	 or	 ina	
	 43	
individuals.	For	analysis,	genotype	at	each	SNP	was	scored	as	‘A’	for	individuals	HMZ	for	the	









and	 genotyped	 for	 five	 SNP	 markers	 without	 the	 need	 for	 first	 growing	 plants	 and	 leaf	
sampling	 (seed	 chipping:	 proprietary	 Corteva	 technology).	 Of	 these	 individuals,	 269	
individuals	 were	 identified	 as	 possessing	 recombination	 events	 between	 these	 five	 SNP	
markers,	and	these	individuals	were	grown	and	phenotyped	(2.1).		
Subsequent	 rounds	 of	 SNP	 marker	 design	 and	 KASP	 genotyping	 were	 used	 to	 identify	
additional	SNPs	between	markers	flanking	the	INA-containing	region	and	to	genotype	these	
SNPs	 in	 recombinant	 individuals.	 This	 was	 sequentially	 carried	 out	 until	 none	 of	 the	 269	




















Maize	 plants	were	 grown	 according	 to	 previous	 description	 (2.1)	 and	 their	 root	 exudates	
collected	as	described	 (2.1.6).	 Exudates	were	 then	 sterilized	using	0.2μm	 filters	 (Sartorius	
Epsum,	UK).	Spores	were	removed	from	seven-day	incubation	and	sieved	using	a	40μm	cell	











For	 qRT-PCR	 analysis	 of	 fungal	 material,	 DNase	 treatment,	 cDNA	 synthesis,	 and	 qRT-PCR	
expression	analysis	was	carried	out	as	previously	described	for	maize	material	(2.3).	Primers	
were	designed	using	sequence	data	from	the	Joint	Genome	Institute	(JGI)	using	R.	irregularis	
DAOM	 197198	 v2.0.	 Primer	 design	 was	 carried	 out	 using	 NCBI	 Primer	 BLAST.	 qRT-PCR	






Extracted	 RNA	 to	 be	 analysed	 using	 RNA-Sequencing	 was	 DNase-treated	 to	 remove	



















Raw	 sequencing	 data	 obtained	 from	 Illumina	 BaseSpace	 was	 quality	 checked	 using	 the	
program	MultiQC,	which	produced	a	summary	report	on	all	samples	(250).	All	samples	were	






analysis	of	RNA-Sequencing	data	 involved	assignment	of	Gene	Ontology	 (GO)	 terms	 to	all	
transcripts	 from	 DAOM	 197198	 using	 BLAST2GO	 (OmicsBox,	 BioBam,	 Spain),	 and	 the	
identification	of	GO	terms	enriched	under	spore	treatment	conditions	using	a	Fisher’s	Test	
























can	be	established	by	 the	 co-cultivation	of	 a	pre-symbiotic	mutant	with	WT	 individuals,	 a	
‘nurse	plant’	experiment.	The	fungal	extraradical	hyphae	that	exist	outside	the	root	form	a	
bridge	between	individual	plants	(257).	As	such,	any	lack	of	signal	or	nourishment	from	the	
mutant	 individual	 that	 is	 required	 by	 the	 fungus	 for	 colonisation	will	 be	 provided	 by	WT	
plants.	 The	 osnope1	 and	 S.	 lycopersicum	 M161	 mutants,	 which	 both	 display	 reduced	
colonisation	 by	R.	 irregularis,	 have	 the	 ability	 to	 support	WT-levels	 of	 colonisation	 when	
grown	with	WT	nurse	plants	 (33,	258).	 This	 is	 likely	due	 to	WT	plants	providing	 signalling	
components	 required	 for	 fungal	 entry	 into	 plant	 roots,	 and	 in	 the	 case	 of	 osnope1	 this	
component	 is	 a	 GlcNAc-related	 compound	 (33).	 In	 contrast,	 pre-symbiotic	 perception	














invisible	 to	arbuscular	mycorrhizal	 fungi	 (ina).	This	mutant	phenotype	was	discovered	 in	a	
screen	 for	maize	phenotypes	with	 altered	associations	with	AM	 fungi,	 identified	due	 to	 a	
potential	lack	of	ability	to	host	colonisation	by	R.	irregularis	(240).	This	work	utilises	methods	









this	 stage	 of	 7	 wpi,	 the	 segregating	 plants	 looked	 visibly	 WT	 above	 ground,	 with	 no	
developmental	defects	(Figure	3.1A).	Individuals	identified	as	mutants	due	to	the	pale	root	
phenotype	displayed	a	significant	lack	of	root	colonisation	by	R.	irregularis,	no	internal	fungal	


















(3	 biological	 replicates	 from	 each	 genotype	 per	 time-point).	 WT	 colonisation	 level	 increases	 between	 time-
points,	 though	was	not	 a	 statistically	 significant	 increase	 (Mann-Whitney-Wilcoxon	 Test	 p<0.05).	 No	 internal	
colonisation	was	recorded	 in	 ina	 individuals	at	either	 time-point,	and	due	 to	the	excess	of	data	points	with	a	












transporter	 (121),	have	previously	been	utilised	as	marker	genes	 in	maize	 (111,	228).	The	
markers	ZmARK1,	encoding	a	receptor-like	kinase	localised	at	the	PAM	that	serves	as	a	later-
stage	 symbiotic	 marker	 (216),	 and	 ZmPT14,	 an	 additional	 mycorrhizal-specific	 phosphate	
transporter	 that	 exists	 in	 some	 cereals	 (123),	 were	 established	 as	 marker	 genes	 for	 the	
purposes	of	this	study.		
All	marker	genes,	including	those	newly	established,	showed	a	significant	upregulation	in	the	
inoculated	 condition,	 and	 in	 all	 expression	 analyses	 there	were	 no	 significant	 differences	
between	 the	 non-inoculated	WT	 levels	 and	 the	 expression	 levels	 in	 inoculated	 ina	plants	
(Figure	3.2).		
	









or	 fungal	 nourishment	 from	WT	 plants.	 Colonisation	was	 quantified	 through	 Trypan	 Blue	
staining	of	ina	plants	grown	in	a	monoculture	or	co-cultivated	with	three	WT	plants,	and	of	








analysis	 were	 small	 and	 stunted	 in	 ina	 roots	 (Figure	 3.3C)	 compared	 to	 highly	 branched,	

























Figure	3.3:	 	R.	irregularis	colonisation	of	 ina	plants	 is	restored	in	a	nurse	plant	system.	A)	Representative	
image	of	 Trypan	 Blue-stained	 ina	 roots	 co-cultivated	with	WT	NPs	 that	 enable	 internal	 colonisation	by	R.	
irregularis	and	the	formation	of	internal	fungal	structures.	B)	Representative	image	of	a	Trypan	Blue-stained	
WT	 root	 grown	 in	 a	 monoculture,	 supporting	 high	 fungal	 colonisation	 levels.	 C)	 Representative	 image	 of	
colonised	 ina	 individuals	 that	 display	 stunted	 arbuscules	 visible	 following	 Trypan	 Blue	 staining.	 D)	

















Remarkably,	addition	of	WT	exudates	 to	 ina	plants	 twice	every	week	over	a	6-week	time-
period	did	restore	the	ability	of	the	fungus	to	penetrate	and	colonise	ina	roots	(Figure	3.4A).	
When	complementation	with	WT	exudates	made	fungal	penetration	possible	in	 ina	plants,	
the	 sparse	 patches	 of	 colonisation	 supported	 small,	 stunted	 arbuscules	 (Figure	 3.4A).	WT	
plants	provided	with	WT	and	ina	exudates	remained	visibly	highly	colonised	(Figure	3.4B,	C).	

























of	 ina	 individuals	 provided	with	WT	 exudates,	 enabling	 penetration	by	R.	 irregularis	and	 internal	 colonisation,	













3.1.2.4	 Qualitative	 analysis	 of	 ina-supported	 fungal	 structures	 reveals	 arbuscule	
abnormality	
	
Roots	 of	 individuals	 grown	 in	 the	 nurse	 plant	 system	 and	 exudate	 complementation	
experiments	were	stained	with	WGA	to	examine	the	stunted	arbuscule	phenotype	at	higher	
resolution	than	possible	through	Trypan	Blue	staining.	Using	this	staining	technique	 it	was	
possible	 to	 qualitatively	 observe	 the	 stunted	 arbuscules	 that	 occurred	 regularly	 in	 ina	
individuals	colonised	with	the	aid	of	a	WT	nurse	plant	(Figure	3.5A,	B).	These	structures	were	
smaller	 in	 size	 and	 displayed	 a	 reduced	 and	 abnormal	 branching	 pattern	 compared	 to	
arbuscules	formed	in	WT	individuals	(Figure	3.5C,	D).		
Using	 WGA	 staining	 to	 observe	 the	 intracellular	 structures	 produced	 in	 WT	 exudate-
complemented	ina	individuals	did	not	reveal	any	arbuscule-like	branches.	Commonly,	hyphae	
were	seen	twisting	inside	root	cells	(Figure	3.5E,	F).		It	may	be	that	no	arbuscules	were	seen	
in	 these	 root	 samples	 due	 to	 the	 severely	 low	 number	 of	 arbuscules	 observed	 in	 these	
















fungi	 (39),	 these	 compounds	were	 a	 candidate	 for	 the	missing	 component	 from	 the	 root	
exudates	of	ina	mutants.	In	order	to	establish	whether	a	lack	of	SL	production	or	exudation	
causes	the	inability	of	R.	irregularis	to	colonise	ina	roots,	an	additional	nurse	plant	experiment	
was	 carried	 out	 using	 SL	 biosynthesis	mutants	 as	 nurse	 plants.	 No	maize	 SL	 biosynthesis	
mutants	were	available,	so	rice	mutants	of	d27	(1.2.2.1)	and	d10	(1.2.1.2)	were	used.	This	
experiment	also	required	the	use	of	WT	maize	and	WT	rice	nurse	plants	as	controls,	WT	maize	
Figure	 3.5:	 	R.	 irregularis	arbuscules	 observed	under	WGA	 staining	 in	 ina	and	WT	 genotypes	 under	 exudate	








to	 as	 a	positive	 control,	 and	 the	 rice	 variety	 Shiokare,	 the	 corresponding	WT	 cultivar	 and	
genetic	background	of	the	d27	and	d10	mutants	used.		
Co-cultivation	 of	 ina	 individuals	 with	WT	maize	 plants	 once	 again	 restored	 the	 ability	 of	
mutant	 individuals	to	host	colonisation	by	R.	 irregularis	(Figure	3.6A),	as	did	growth	of	 ina	
plants	with	WT	rice	variety	Shiokare	(Figure	3.6B).	Interestingly,	co-cultivation	of	ina	with	rice	
d27	mutants	enabled	R.	irregularis	to	penetrate	and	colonise	roots	(Figure	3.6C),	and	so	did	
the	co-cultivation	of	 ina	with	 rice	d10	mutants	 (Figure	3.6D).	Although	colonisation	 in	 ina	
individuals	 co-cultivated	 with	 WT	 maize	 was	 high,	 roughly	 81%	 total	 colonisation,	 ina	
individuals	grown	with	rice	nurse	plants	of	all	genotypes,	Shiokari,	d27,	and	d10,	were	poorly	
colonised,	with	total	colonisation	rates	ranging	from	8-10%	(Figure	3.6E).	One	rice	nurse	plant	



















Figure	 3.6:	 	R.	 irregularis	 colonisation	 of	 ina	 is	 complemented	by	 co-cultivation	with	 SL	mutants	 of	 rice.	A)	
Representative	 image	of	Trypan	Blue-stained	ina	individuals	co-cultivated	with	WT	maize	plants	that	support	R.	
irregularis	colonisation.	B)	Representative	image	of	R.	irregularis	colonisation	of	ina	individuals	stained	with	Trypan	
Blue	 following	 co-cultivation	 with	WT	 rice	 of	 the	 Shiokari	 variety.	 C)	 Representative	 image	 of	 a	 patch	 of	 R.	

























using	whole	 spores	 that	would	 result	 in	 the	 colonisation	 of	 the	WT	 control	 and	 the	 vast	
responses	associated	with	the	later	stages	of	the	symbiosis	(91).		
From	 the	 perspective	 of	 plant-to-fungus	 signalling,	 research	 has	 identified	 plant-derived	
signals	that	cause	a	symbiotic	response	in	the	fungus.	Known	components	produced	by	plants	
that	 cause	 a	 morphological	 response	 in	 the	 fungus	 during	 pre-symbiotic	 communication	
include	flavonoids	(54,	55),	2-hydroxy	fatty	acids	(2-OH-FA)	(59),	branched-chain	fatty	acids	





This	 increasing	 focus	 on	 the	 fungal	 side	 of	 the	 AM	 symbiosis	 has	 been	 possible	 due	 to	 a	
number	of	genome	sequencing	datasets	from	AM	fungi	(149,	182,	183,	185,	272).	There	are	
also	 several	 transcriptomic	 analyses	 that	 shed	 light	 on	 fungal	 gene	 expression	 during	 the	
different	stages	of	the	symbiosis	(113,	186,	189,	273).	Studies	on	the	transcriptomics	response	
of	AM	 fungi	during	 their	 interaction	with	plant	hosts	 include	analyses	on	 the	 response	of	
	 59	
spores	 to	 GR24	 (63,	 194),	 and,	 recently,	 branched-chain	 fatty	 acids,	 in	 an	 attempt	 to	
understand	how	R.	irregularis	spores	react	during	the	pre-symbiosis	when	they	receive	plant-
derived	signals.	Notably,	comparison	of	spore	response	to	GR24	and	palmitoleic	acid,	 two	
factors	 known	 to	 induce	 activity	 in	 spores,	 revealed	 very	 little	 overlap	 in	 fungal	 reaction,	
suggesting	that	a	number	of	plant-derived	products	have	the	ability	to	metabolically	activate	
AM	fungal	spores	and	produce	distinct	responses	(60).	Plant	exudates	may	also	be	utilised	to	
view	 the	 response	 of	 fungal	 spores	 to	 plant	 signals	 during	 the	 pre-symbiosis	 and	 to	
understand	 the	 impact	on	 fungi	of	plant	mutants	perturbed	 in	 the	pre-symbiotic	pathway	
(258).	The	use	of	exudates	has	even	enabled	an	analysis	of	the	transcriptomic	response	of	R.	
irregularis	 spores	 to	 WT	 and	 nope1	 mutant	 exudates,	 revealing	 the	 role	 of	 the	 NOPE1	
transporter	in	activating	the	fungus	prior	to	symbiosis	(33).		
This	 section	 explores	 the	 ‘extended	 phenotype’	 of	 the	 ina	 mutant	 by	 examining	 the	
transcriptomics	response	of	R.	irregularis	spores	to	exudates	produced	by	ina	and	WT	plants,	
with	a	comparative	analysis	of	spore	response	to	nope1.	The	analysis	of	the	fungal	response	






















continued	 analysis.	 The	 average	 guanine-cytosine	 (GC)	 content	 across	 samples	 was	 38%,	
which	is	an	expected	value	for	the	R.	irregularis	genome	(149).		
Following	quality	checking,	reads	were	aligned	against	R.	irregularis	transcriptome	assembly	
197198	 v2.0	 (149)	 using	 Salmon	 for	 alignment	 and	 transcript	 quantification	 (251).	 The	
average	mapping	percentage	across	all	samples	was	81%.	Mapped	and	quantified	data	.bam	
files	were	then	analysed	using	DESeq2,	which	uses	internal	normalisation	across	all	genes	to	
control	 for	 any	 differences	 in	 sequencing	 depth	 across	 samples	 (252).	 Any	 normalised	
transcript	 values	 described	 in	 this	 analysis	 were	 produced	 from	 DESeq2	 normalisation.	
DESeq2	was	used	to	carry	out	pairwise	comparisons	to	identify	differentially	expressed	(DE)	
genes	(Padj	<0.05)	when	comparing	fungal	responses	to	different	plant	genotype-produced	
exudates	 (Pipeline	 described	 in	 Figure	 3.8A).	 Pairwise	 comparisons	 were	 checked	 for	
separation	 based	 on	 condition	 using	 Multi-Dimensional	 Scaling	 (MDS)	 plots	 to	 visualise	
sample	separation	(Figure	3.8B).		
Figure	3.7:		Experimental	design	of	the	R.	irregularis	RNA-Sequencing	experiment.	Flasks	(3	per	genotype)	






Gene	 Ontology	 (GO)	 terms	 were	 assigned	 to	 all	 transcripts	 within	 the	 RNA-Sequencing	
dataset	using	BLAST2GO	(OmicsBox)	(253).	BLAST2GO	utilised	the	nucleotide	sequences	for	
all	 transcripts	and	assigned	GO	 terms	 to	each	 transcript	 following	BLAST	 (Fungal	Kingdom	
NCBI	BLAST)	 and	database	 searches	using	 InterPro,	UniProt,	 and	Ensembl.	BLAST2GO	was	








Pie	chart	depicting	percentages	of	 transcripts	assigned	GO	annotation	scores	 by	B2G	 in	blue.	 Transcripts	
BLASTed	but	with	no	hits	are	 indicated	 in	 red.	Transcripts	 that	were	assigned	GO	terms	based	on	BLAST	
information,	but	that	received	no	final	annotation	score	following	protein	database	searches	are	indicated	
















though	 ina	 treatment	 produced	 a	 larger	 downregulation	 response	 than	 other	 conditions.	





appeared	 to	 be	 a	 large	 response	 in	 spore	 transcript	 induction	 to	 the	 presence	 of	 nope1	
exudates	following	the	24h	treatment.	At	this	later	stage,	it	appears	that	WT(nope1)-treated	
spores	 displayed	 a	 reduced	 response	 compared	 to	 WT(ina)-treated	 spores	 (Figure	 3.9C),	
suggesting	a	different	effectivity	of	exudates	produced	by	the	different	maize	inbred	lines.	
Following	 the	 24h	 treatment,	 the	 common	 transcripts	 that	 were	 induced	 regardless	 of	
exudate	 genotype	 were	 associated	 with	 GO	 terms	 describing	 metabolic	 activity.	 A	 small	
number	of	overlapping	transcripts	were	identified	as	downregulated	in	response	to	all	plant	








As	 a	 previous	 transcriptomics	 analysis	 was	 carried	 out	 that	 identified	 GR24-induced	
transcripts	 in	 R.	 irregularis	 spores	 (63),	 this	 dataset	 was	 examined	 against	 these	 GR24-
responsive	transcripts	to	view	responsivity	of	mutant	and	WT-treated	spores	using	SL-induced	
transcripts.	DE	lists	of	all	exudate	treatments	at	both	time-points	compared	to	the	0h	time-












SL	 production	 and	exudation	 is	 intact	 in	 all	 plant	 genotypes	 tested.	 The	 characterised	 SL-
responsive	gene	SIS1	was	not	found	to	be	induced	by	any	exudate	condition	compared	to	the	

































Further	 pairwise	 comparisons	 were	 carried	 out	 between	 WT-treated	 spores	 and	 spores	
treated	with	the	exudates	of	corresponding	mutants.	For	the	1h	time-point	treatments,	the	
ina	and	nope1	maize	exudates	caused	a	strongly	overlapping	response	when	compared	with	
their	 respective	 WT	 exudates,	 as	 displayed	 by	 very	 few	 significantly	 induced	 or	
downregulated	 transcripts	 between	 WT	 exudate-treated	 spores	 and	 their	 corresponding	
mutant	exudate-treated	spores	(P-adj	<0.05,	L2FC	>	1	or	<-1)	(Figure	3.11A).	However,	at	24h,	
the	 spores	 show	 a	 larger	 number	 of	 transcripts	 induced	 and	 downregulated	 when	 WT	
exudate-treated	 samples	were	 compared	 to	 their	 respective	mutants	 (Figure	 3.11A).	 This	
trend	 can	 also	be	 seen	 in	 the	 form	of	 a	 volcano	plot,	where	 transcripts	 that	 pass	 the	 set	











nope1	 exudates	 become	 visible.	 The	 spores	 respond	 to	 nope1	 exudates	 with	 a	 strong	
induction	 of	 unique	 transcripts	 that	 are	 not	 induced	 in	 the	 corresponding	 WT	 (nope1)	
treatment.	 The	 spore	 sample	 response	 to	 ina	 involves	 the	 induction	 of	 fewer	 ina-unique	
upregulated	transcripts	that	are	missing	in	WT	(ina)	exudate-treated	spores.	A	large	number	




































‘membrane’	 and	 ‘transporter’-associated	 terms	 are	 enriched	 in	 the	 transcripts	 that	 are	
induced	in	response	to	WT(nope1)	compared	to	nope1-treated	spores	(Table	3.2).	In	this	gene	
list,	 there	 is	 also	 an	 enrichment	 of	 terms	 associated	 with	metabolic	 processes,	 including	
‘organonitrogen	compound	metabolic	process’,	which	supports	a	role	of	NOPE1	in	providing	


















































vice	versa.	At	24h,	 transcripts	 induced	 in	WT	 (ina)	 compared	 to	 ina-treated	samples	were	
significantly	 associated	 with	 GO	 terms	 involving	 transporter	 activity.	 ‘Intracellular	 sterol	
transport’	 and	 ‘intracellular	 lipid	 transport’	 are	 two	 of	 the	 transporter-related	 terms	
significantly	 enriched	 in	 transcripts	 from	 this	 comparison	 (Table	 3.3).	 As	 this	 result	 could	
Table	3.2:	Table	of	GO	terms	enriched	in	DE	transcripts	identified	from	pairwise	comparisons	between	WT	
(nope1)	and	nope1.	At	1h,	only	the	term	‘Glutathione	metabolic	process’	was	enriched	under	WT-treatment	
of	 spores	 compared	 to	nope1-treatment.	At	 24h,	 terms	 such	 as	 ‘membrane’	 and	 transporter-associated	








identified	 as	 induced	 in	WT	 (ina)	 treated	 spores	 compared	 to	 ina,	with	 the	 transcript	 IDs	







































as	 ‘Cellular	 lipid	metabolic	 process’	 and	 ‘Fatty	 acid	metabolic	 process’	 were	 found	 to	 be	



















In	 order	 to	 validate	 the	 biological	 findings	 from	 the	 transcriptomics	 experiment,	 qRT-PCR	
analysis	was	performed	from	selected	fungal	transcripts	using	cDNA	produced	from	the	same	
RNA	samples	used	to	carry	out	the	RNA-Sequencing	analysis.	An	independent	repeat	of	the	











This	 transcript	 encodes	 a	 HMG-box-containing	 protein	which	 often	 serve	 as	 transcription	
factors	and	as	subunits	of	chromatin-remodelling	complexes	(277).	This	transcript	was	also	












count,	 and	 qRT-PCR	 experiments,	 with	 reduced	 expression	 in	 mutant-treated	 spores	
compared	to	corresponding	WT	treatment	following	24h	(Figure	3.12A).	Transcript	1616147	
likewise	 displays	 similar	 expression	 patterns	 across	 experiments	 (Figure	 3.12B).	 This	
transcript	was	not	found	in	the	DE	gene	list	from	the	transcriptomics	pairwise	comparison	
between	WT	 (ina)	and	 ina-treated	spores	at	1h	due	 to	a	P-adj	value	of	0.5,	 yet	 transcript	
1616147	appears	to	be	induced	at	1h	in	WT	(ina)-treated	samples	in	both	qRT-PCR	analyses	
















analysis	of	cDNA	produced	 from	an	 independent	 repeat	of	 the	experiment.	A)	Transcript	1590502	displays	a	
similar	 expression	 pattern	 between	 RNA-Sequencing	 data	 and	 qRT-PCR	 data,	 and	 induction	 in	 WT	 plants	
compared	to	their	corresponding	mutants	is	maintained	at	24h	in	the	repeat	experiment.	B)	Transcript	1616147	






The	 ina	phenotype	 is	 unique	 among	 the	more	 severe	 AM	 symbiosis	mutant	 phenotypes.	
Although	 mutation	 of	 D14L	 produces	 a	 similarly	 severe	 block	 in	 colonisation,	 the	 two	




which	harbours	a	defect	 in	plant-to-fungal	communication	(33).	 It	 is	 likely	that	 INA,	 too,	 is	










AM	 fungi.	 Mutants	 of	 lipid	 biosynthetic	 enzymes	 FatM,	 DIS1	 and	 RAM2	 (153,	 156)	 and	
hypothesised	transporters	of	lipids	to	the	fungus,	STR1	and	STR2	(165,	166)	display	arbuscules	
that	 are	 also	 stunted	 and	 unable	 to	 form	 fine	 branches.	 The	 mutant	 of	 GRAS-family	
transcriptional	 regulator	 RAM1,	 which	 regulates	 a	 number	 of	 genes	 involved	 in	 the	 AM	
symbiosis	including	STR1,	is	an	additional	mutant	phenotype	where	these	stunted	arbuscules	





A	 key	 finding	 from	 the	phenotyping	of	 the	 ina	mutant	 has	 been	 the	 complementation	of	





SLs	 are	 a	 well-studied	 and	 potent	 activator	 of	 AM	 spore	 germination	 (39),	 and	 their	
production	does	not	require	the	presence	of	the	fungus.	However,	mutants	perturbed	in	SL	
biosynthesis	 do	 allow	 colonisation	 by	 AM	 fungi,	 though	 it	 is	 reduced	 (45-47).	 The	 ina	







ina	 mutants	 display	 a	 normal	 developmental	 phenotype,	 suggesting	 that	 at	 least	 SL	
biosynthesis	 is	 intact,	 as	 defects	 in	 SL	 biosynthesis	 and	 regulation	 in	maize	 causes	 visible	
phenotypic	effects	in	above-ground	plant	architecture	(281).		
Flavonoids	are	another	compound	produced	by	plants	to	signal	to	their	fungal	counterparts,	
though	 maize	 mutants	 unable	 to	 synthesise	 flavonoids	 still	 allow	 initial	 colonisation,	
suggesting	that	flavonoids	are	unessential	for	colonisation	by	AM	fungi	(58).	These	findings	
imply	 that	 additional	 compounds	 are	 required	 for	 colonisation	 by	AM	 fungi,	 and	 recently	
NOPE1	was	identified	as	the	transporter	of	an	essential	GlcNAc-related	molecule	that	enables	
successful	 colonisation	 of	 roots	 by	 AM	 fungi	 (33).	 Although	 there	 are	 strong	 similarities	
between	 the	 nope1	 and	 ina	 phenotypes,	 such	 as	 the	 possibility	 of	 complementing	 both	
phenotypes	using	nurse	plant	systems,	the	 ina	phenotype	is	still	visibly	more	severe,	as	no	
hyphopodia	 are	 ever	 seen	 on	 ina	 inoculated	 roots.	 As	 such,	 it	 is	 unlikely	 that	 the	 ina	
phenotype	 is	 caused	 by	 an	 interruption	 of	 ZmNOPE1,	 and	 likely	 there	 are	 still	 further	
unknown	compounds	produced	and	exuded	by	plants	that	are	required	for	AM	colonisation.		
It	 can	be	 inferred	 from	the	exudate	complementation	experiment	 that	WT	and	 ina	plants	
produce	 exudates	 that	 differ	 in	 their	 composition,	 and	 this	 is	 supported	 by	 data	 from	 a	
transcriptomics	 analysis	 on	 R.	 irregularis	 spores	 exposed	 to	 these	 plant	 root	 exudates.	
Although	spores	responded	with	a	largely	similar	response	to	different	plant	root	exudates	at	





DE	 responses	 to	 ina	 exudates	 and	 to	 nope1	 exudates	 compared	 to	 their	 respective	 WT	
genotypes,	 further	 discounting	 the	 possibility	 that	 these	 phenotypes	 are	 caused	 by	
interruption	of	the	same	underlying	gene.		
A	 strong	 observation	 from	 the	 comparison	 between	 WT	 and	 ina-treated	 samples	 is	 the	
comparative	 induction	 of	 transporter-encoding	 transcripts	 in	 WT-treated	 spores.	 This	
induction	may	suggest	that	the	missing	component	from	ina	is	a	compound	that	needs	to	be	
transported	 or	 taken	 up	 by	 the	 fungus,	 or	 is	 required	 for	 transcriptional	 regulation	 of	
transporter-encoding	genes,	and	that,	in	its	absence,	the	spores	do	not	induce	transcripts	for	
this	substance’s	uptake.	Notably	though,	 ion,	and	particularly	cation,	transporter-encoding	
transcripts	 were	 overrepresented.	 Three	 of	 the	 transcripts	 identified	 as	 ion	 transporters	
induced	 under	WT	 treatment	 are	 P-type	 ATPases,	 a	 family	 of	 transporters	 that	 use	 ATP	




symporters	 have	 been	 identified	 and	 their	 expression	 patterns	 at	 different	 stages	 of	 the	









receive	 plant	 signals,	 take	 up	 nourishment	 for	 the	 fungus	 itself,	 or	 to	 begin	 collection	 of	
nutrients	 such	as	phosphate	 for	 a	partner	 it	 believes	 is	nearby.	Additionally,	 a	number	of	













WT	 exudates	 for	 24h.	R.	 irregularis	has	 an	 unusually	 large	 Cyp-encoding	 repertoire	 for	 a	
member	of	the	fungal	kingdom	(149,	189).	Although	the	function	of	a	large	number	of	these	
R.	irregularis	Cyps	is	unknown,	Cyps	are	known	to	catalyse	lipid	and	sterol	oxidation,	so	it	is	
plausible	 that	 some	of	 the	numerous	Cyp-encoding	 genes	 in	R.	 irregularis	 are	 involved	 in	
metabolic	pathways	(289).	As	Cyp	proteins	usually	work	in	concert	with	protein	components	
that	transfer	electrons	from	NADH	or	NADPH,	the	enrichment	of	oxidoreductase-encoding	
transcripts	 in	 ina-treated	spores	also	 fits	with	 this	enrichment	of	Cyp-encoding	 transcripts	
(290).	 As	 spores	 are	 known	 to	 store	 lipids,	 likely	 to	 provide	 the	 required	 energy	 for	
germination	and	location	of	a	host	(140),	it	is	interesting	to	note	that	ina-treated	samples	are	
metabolically	active,	at	least	in	lipid	metabolic	pathways.	This	finding	may	further	discount	
any	 impairment	 in	 SL	 synthesis	 or	 exudation	 in	 ina	mutants,	 as	 SLs	 have	 previously	 been	
shown	to	activate	mitochondrial	activity	in	AM	fungi,	and	likely	cause	oxidation	of	lipids	(39),	
a	response	that	seems	intact	when	spores	are	exposed	to	ina	exudates.		



































is	 possible	 to	 carry	 out	 positional	 cloning	 in	maize,	 as	 the	 repetitive	 areas	 tend	 to	 group	
together	in	vast	seas,	leaving	islands	of	functional	and	genic	areas	of	the	genome,	where	a	
majority	of	recombination	events	occur	(220,	221).	During	positional	cloning	attempts	to	map	
genes,	 the	areas	with	 low	recombination	rates	are	usually	 invisible	due	to	 the	reliance	on	
identification	of	recombination	events	for	mapping	(296,	297).	The	initial	stage	of	positional	
cloning	involves	the	crossing	of	different	accessions,	usually	an	accession	homozygous	for	the	
mutant	 phenotype	 of	 interest	 (in	 the	 case	 of	 mapping	 a	 recessive	 allele),	 and	 a	 suitably	
	 80	
distinct	plant	accession	line,	to	create	a	mapping	population	that	can	then	be	phenotyped	for	
the	 trait	 of	 interest.	 The	 mapping	 population	 enables	 identification	 of	 the	 mode	 of	
inheritance,	 and	 the	 number	 of	 loci,	 behind	 the	 mutant	 phenotype.	 In	 this	 mapping	
population,	 a	 rough	 position	 containing	 the	 mutant	 allele	 or	 causal	 genetic	 alteration	 is	
identified	using	linked	markers	that	cosegregate	with	the	mutant	phenotype	(295,	298).	Once	
linkage	of	the	mutant	phenotype	to	known	markers	has	narrowed	the	region	containing	the	
mutant	allele,	a	common	method	to	 identify	the	causal	gene	 is	termed	a	 ‘candidate	gene’	
approach.	This	method	relies	on	existing	knowledge	of	gene	functions	in	order	to	identify	a	

















systems	 of	 these	 inoculated	 plants.	 The	mutant	 phenotype	was	 found	 to	 be	 stable	 after	














inheritance	 of	 the	 mutant	 phenotype.	 Of	 the	 87	 individuals	 screened	 at	 7wpi,	 70	 were	



























ina	 individual	 to	 a	 HMZ	 WT	Mu-Killer	 line	 was	 self-pollinated	 to	 produce	 a	 segregating	
population,	and	individuals	from	this	population	were	self-pollinated,	producing	seed	bags	
that	were	either	segregating	for	the	ina	mutation,	HMZ	WT,	or	HMZ	ina.	To	identify	material	




HMZ	 ina	 lines	 (UP23.7,	UP23.12),	WT	 individuals	were	 from	these	WT	HMZ	 lines	 (UP23.1,	














HTZ	 F1	 progeny	 self-pollinated	 to	 generate	 a	 segregating	 population.	 A	HMZ	 ina	 individual	 from	 this	








4.3).	 This	 genotyping	 enabled	 narrowing	 of	 the	 ina-containing	 region,	 based	 on	 SNP	
genotypes	that	co-segregated	with	the	mutant	phenotype,	to	43Mb	on	the	long	arm	of	maize	
chromosome	 3.	 A	 subsequent	 round	 of	 mapping	 used	 180	 phenotyped	 segregating	






























From	 the	7	 segregating	mapping	 seed	 lines	previously	 identified	 (Figure	4.2),	 2,100	 seeds	
were	sampled	by	removing	a	small	portion	of	seed	tissue	and	genotyped	for	five	SNP	markers	




is	 known,	 as	 recombination	 can	 separate	 linked	 SNPs	 from	 the	mutant	 allele	 in	 question.	
There	were	269	 individuals	with	 recombination	events	between	 the	 flanking	markers,	 the	
‘recombinants’.	 Following	 phenotyping	 of	 these	 individuals,	 it	 was	 possible	 to	 use	 the	
phenotype	 and	 SNP	 genotype	 information	 of	 these	 269	 individuals	 to	 narrow	 the	 INA-
containing	region	to	the	area	between	two	of	the	five	markers,	PZA17811-22	(B73	v4	location-	
Chr3:205,004,996)	and	PZA16757-14	(B73	v4	location-	Chr3:208,693,169)	(Figure	4.4).	
To	 further	 narrow	 this	 region,	 additional	 SNP	 markers	 were	 identified	 within	 this	 INA-
containing	 area,	 utilising	 Corteva	 resources	 and	 SNPs	 available	 from	Maize	 SNP50	 (249).	










































across	 the	different	 inbred	 lines	within	 this	 region,	and	 in	all	 genomes	analysed	 the	high-
Figure	4.4:	Depiction	of	the	43Mb	region	on	maize	chromosome	3	containing	 INA	 identified	during	initial	
rough	mapping.	 SNP	 sequence	 information	 from	 180	mapping	 individuals	 were	 used	 to	 generate	 the	 cM	
spacing	of	29	SNPs	(indicated	as	grey	lines)	using	R/qtl.	The	five	SNPs	highlighted	in	blue	were	utilised	for	fine	




confidence	 gene	 models	 were	 GRMZM2G107754,	 GRMZM2G333833,	 GRMZM2G035276,	
GRMZM2G035222,	and	GRMZM2G034975	(Table	4.1).	
Notably,	the	gene	GRMZM2G035276	is	the	maize	ortholog	of	OsSTR2,	encoding	a	half-size	
ABCG	 transporter	 that	 is	 hypothesised	 to	 form	 a	 transporter	 complex	 with	 OsSTR1	 to	
transport	 lipids	 at	 the	 arbuscule	 during	 the	 AM	 symbiosis	 (165,	 166).	 In	 order	 to	 assess	
whether	any	further	genes	from	the	INA-containing	region	could	have	significance	in	the	AM	
symbiosis,	 a	 list	 of	 genes	 predicted	 to	 function	 in	 the	 AM	 symbiosis	 based	 on	 their	
conservation	in	AM	host	species	was	consulted	(154).	As	this	list	of	conserved	potential	AM	
components	displays	M.	truncatula	genes,	the	five	maize	genes	were	pBLASTed	against	the	
M.	 truncatula	 genome	 to	obtain	an	orthologous	protein-encoding	gene.	Of	 the	 five	genes	
within	 the	 ina-containing	region,	only	GRMZM2G035276	 (ZmSTR2)	had	an	orthologous	M.	
truncatula	gene	(Medtr5g030910)	that	was	present	on	this	 list	of	conserved	AM	symbiosis	




Figure	 4.4:	 Estimated	 location	 of	 the	 five	 gene	 models	 GRMZM2G107754,	 GRMZM2G333833,	
GRMZM2G035276,	GRMZM2G035222,	and	GRMZM2G034975	within	the	W22	genome.	The	flanking	markers	
GTR4M1	and	GTR4M5	were	identified	during	the	fine	mapping	process.	BLAST	searches	using	the	sequences	of	





































and	GRMZM2G035222,	an	F-box	kelch	 repeat-encoding	gene,	were	entirely	deleted	 in	 ina	
individuals,	as	evidenced	by	the	lack	of	amplification	of	these	genes	(Figure	4.6).		
Amplification	 in	 ina	 individuals	 was	 possible	 upstream	 and	 downstream	 of	 the	 deletion.	
Upstream,	 amplification	 in	 ina	 individuals	 was	 obtained	 for	 a	 792bp	 amplicon	 at	

















fully	 intact	 in	 ina	 individuals.	 A	 further	 primer	 set	 was	 designed	 that	 produced	 a	 645bp	
amplicon	in	ina	individuals	just	upstream	of	the	gene	GRMZM2G034975,	slightly	downstream	


















in	 ina,	 it	was	 hypothesised	 that	 there	would	 be	 no	 expression	 of	 these	 transcripts	 in	 ina	
individuals,	and	this	was	confirmed	using	qRT-PCR	analysis	ina	individuals	under	R.	irregularis	
inoculated	 and	 non-inoculated	 conditions	 (Figure	 4.7).	 Alongside	 this	 confirmation,	 WT	
individuals	were	examined	under	both	inoculated	and	non-inoculated	conditions	to	gather	






















in	 all	 samples	 analysed,	 WT	 and	 ina,	 and	 expression	 did	 not	 increase	 over	 time.	 As	WT	
individuals	displayed	the	same	level	of	GRMZM2G333833	expression	as	ina	individuals,	where	
this	 gene	 is	 deleted,	 it	 can	 be	 assumed	 that	 this	 gene	 is	 not	 expressed	 in	 the	 tissue	 and	
conditions	analysed	for	WT	individuals.	As	has	been	observed	in	rice	(165),	ZmSTR2	is	induced	
by	 inoculation	with	R.	 irregularis	 in	WT	 individuals,	 and	 this	 is	 seen	 at	 both	 time-points,	
though	the	induction	is	more	pronounced	at	9wpi.	As	is	expected,	ina	individuals	displayed	
no	expression	of	STR2	 in	either	 condition.	At	4wpi,	 the	F-box	kelch	 repeat-encoding	gene	

















mycorrhizal	 roots,	 in	 ina	 individuals,	 as	 these	 plants	 support	 no	 colonisation	 and	 are	
comparable	to	WT	non-inoculated	individuals.	R.	irregularis	colonisation	of	ina	individuals	can	
be	 enabled	 by	 the	 growth	 of	 ina	plants	 in	 a	 nurse-plant	 system	with	WT	plants	 (Chapter	
3.1.2.2).	 This	 provides	 an	opportunity	 to	observe	 gene	expression	of	 the	 candidate	 genes	
within	 colonised	 ina	 root	 tissue,	 thus	 expression	 of	 these	 candidates	was	 assessed	 under	
nurse	plant	systems	at	9wpi.	For	this	experiment,	the	expression	of	RiEF1α,	as	confirmation	
of	 fungal	 quantity,	 and	 the	 mycorrhizal-specific	 phosphate	 transporter	 ZmPT6	were	 also	
analysed	to	better	understand	the	functioning	of	the	symbiosis	inside	colonised	ina	roots.		
The	biological	 individuals	analysed	 for	 this	experiment	were	those	displayed	 for	 the	nurse	
plant	quantification	in	Chapter	3.1.2.2	(Figure	3.3F).	In	these	individuals,	WT	plants	grown	in	
a	monoculture	supported	97%	average	total	colonisation,	 ina	plants	grown	with	WT	nurse	
Figure	 4.7:	 qRT-PCR	 expression	 analysis	 of	 deletion	 candidate	 genes	 in	WT	 and	 ina	 individuals	 under	
mycorrhizal	 and	 non-inoculated	 control	 conditions	 at	 4wpi	 and	 9wpi.	 The	 individuals	 analysed	 for	
























average	 52%	 compared	 to	 94%	 arbuscule	 quantification	 in	 inoculated	WT	 monocultured	
individuals,	but	also	due	to	a	delayed	colonisation	caused	by	the	need	for	the	presence	of	a	


















The	 original	 seed	 population	 where	 the	 ina	mutation	 likely	 arose	 contained	 active	Mu	
elements	 (240),	 and	 activity	 from	Mu	 elements	 are	 known	 to	 cause	 rearrangements	 and	
Figure	 4.8:	 qRT-PCR	expression	 analysis	 of	 INA	 candidate	 genes	 in	 nurse	plant	 systems.	 Expression	of	 the	
chloride	channel,	STR2,	and	F-box	Kelch	protein-encoding	genes,	phosphate	transporter	ZmPT6	and	R.	irregularis	
elongation	factor	RiEF1α	were	analysed	following	9wpi.	Individuals	analysed	were	monocultured	WT	plants	with	
(+Ri)	 and	without	 (-Ri)	R.	 irregularis	 fungal	 inoculum,	 ina	plants	 grown	with	WT	nurse	 plants	 (+Ri),	 and	 ina	
monocultured	plants	with	(+Ri)	and	without	(-Ri)	fungal	inoculum.	Expression	levels	of	these	genes	of	interest	
were	normalised	 to	ZmGAPDH,	ZmCYP,	and	ZmActin	 for	all	samples.	Biological	samples	analysed	were	 those	
used	for	colonisation	quantification	in	Figure	3.3F	–	(Average	total	colonisation:	WT	monocultured	individuals	






crossing	W22	 and	 B73	 individuals	 and,	 though	 both	 inbred	 lines	 have	 well-characterised	
reference	 genomes	 (220,	 222),	 it	 would	 be	 advantageous	 to	 further	 backcross	 the	 ina	
mutation	fully	into	one	or	both	of	these	lines	to	observe	the	effect	of	background	genotype	
on	the	ina	phenotype.	It	is	also	recommended	to	cross	this	newly	observed	mutation	into	a	




the	 removal	 of	 a	 regulatory	 region,	 rather	 than	 the	 direct	 removal	 of	 one	 of	 these	 gene	
candidates.	However,	the	mapping	and	candidate	gene	analysis	has	revealed	that	the	known	
symbiosis	 gene	 STR2	 is	 deleted	 in	 ina	 individuals,	 and	 that,	 as	 with	 previously	 described	











WT	plants	 not	 provided	with	R.	 irregularis	 inoculum	 are	 still	 able	 to	 complement	 the	 ina	
mutant	 phenotype	 and	 enable	 colonisation	 in	 these	 plants.	 Due	 to	 the	 nature	 of	 this	
mutation,	where	multiple	 genes	 are	 deleted	 in	 ina	 individuals,	 it	 is	 possible	 that	 the	 pre-






















































Plant	mutants	with	 an	 AM	phenotype	 that	 results	 in	 severely	 reduced	 or	 the	 absence	 of	








(81),	 and	nope1	 roots	 can	 be	 seen	 to	 host	 hyphopodia,	 though	 penetration	 attempts	 are	
aborted	(33).	
The	 clear	 difference	 in	 phenotype	 between	d14l	and	 ina	 is	 observable	 under	 nurse-plant	
experimental	conditions,	where	the	presence	of	WT	plants	is	unable	to	rescue	colonisation	of	
















5.2	 	The	 ina	 individuals	 may	 produce	 root	 exudates	 lacking	 in	 a	 component	
required	for	AM	fungal	colonisation	
	
The	 hypothesis	 that	 ina	 is	 lacking	 a	 required	 component	 for	 AM	 fungal	 colonisation	 is	
supported	by	data	from	root	exudate	experiments,	where	WT	maize	exudates	were	collected	









signals.	 The	 existence	 of	 constitutive	 signals	 from	 plant	 to	 fungus	 has	 been	 shown	 using	
exudate	experiments,	in	which	plants	that	had	received	no	exposure	to	AM	fungi	were	still	






a	 basal	 expression	 of	 this	 transporter	 in	 non-inoculated	 plants,	 though	 like	D14L,	 NOPE1	









Observations	 of	 the	 phenotype	 of	 ina	 plants	 seem	 to	 rule	 out	 erroneous	 production	 or	
exudation	 of	 SLs,	 as	 SL	 biosynthetic	 pathway	 mutants	 are	 capable	 of	 enabling	 internal	
colonisation	 by	 AM	 fungi	 (45,	 47),	 and	mutants	 of	 this	 pathway	 display	 an	 above-ground	










exudation,	of	 SLs,	 could	 rescue	 the	 ina	phenotype	 in	 the	 same	way	 that	WT	maize	plants	
could.	 As	 growth	of	 rice	 SL	 biosynthesis	mutants	d10	and	d27	with	 ina	plants	 did	 indeed	
enable	R.	 irregularis	to	colonise	 ina	 individuals,	 it	 is	very	 likely	that	the	compound	missing	






AM	fungi	 (58),	and	nope1	mutants	 impaired	 in	exporting	a	required	GlcNAc-like	signal	still	
enable	the	formation	of	hyphopodia	on	root	surfaces	(33).	The	severe	ina	phenotype	would	
thus	suggest	 that	 the	missing	signal	 is	neither	of	 these	contenders,	 though	this	cannot	be	
entirely	ruled	out	without	further	evidence.	The	effect	of	FAs,	known	to	stimulate	AM	fungal	
spores	 (59,	 60),	 on	 fungal	 colonisation	 has	 not	 been	 studied	 through	 the	 use	 of	 plant	












reduction	 in	 hyphae	 reaching	 plant	 roots	 and	 forming	 hyphopodia.	 A	 correlation	 has	
previously	been	identified	between	number	of	fungal	entry	points	and	colonisation	level	(57),	











WT	 and	 nope1	 plants	 was	 instrumental	 in	 demonstrating	 that	 the	 fungal	 transcriptome	
displays	different	responses	to	plant	mycorrhizal	mutants	(33).	Fungal	spore	responses	to	the	
stimulatory	 compounds	 GR24	 and	 palmitoleic	 acid	 have	 also	 been	 assessed	 through	
transcriptomic	analyses,	and	distinct	transcriptional	responses	to	these	different	compounds	
were	observed	(60,	63).		
The	 transcriptomics	analysis	 carried	out	 for	 this	 thesis	echoed	 results	 from	assessment	of	
nope1	(33).	In	both	analyses,	the	incubation	of	spores	with	plant	root	exudates	caused	the	








incubation	 with	 exudates,	 in	 this	 case	 following	 24h.	 Even	 following	 24h	 of	 exudate	
treatment,	 a	 considerable	 overlap	 of	 induced	 transcripts	 was	 observed	 in	 WT	 and	 ina	





Direct	 comparisons	between	WT	and	 ina	exudate-treated	 spores	 revealed	 few	 transcripts	




associated	with	GO	 terms	 for	 transport,	 including	 lipid	and	cation	 transport	 terms.	This	 is	
notable	 data	 when	 considering	 the	 hypothesis	 that	 the	 ina	 phenotype	 is	 caused	 by	 the	
absence	 of	 a	 required	 pre-symbiotic	 compound,	 as	 WT	 exudate-treated	 spores	 may	 be	
importing	 an	 exudate-borne	 signal	 or	 sustenance.	 Although	 this	 enrichment	 of	 GO	 terms	




large	 number	 of	 transcripts	 appear	 to	 be	 unique	 to	 R.	 irregularis	 and	 difficult	 to	 assign	
function	to	using	conventional	GO	term-assignment	programs.		
Ultimately	 it	 appears	 that	 ina	 exudate	 treatment	 of	 spores	 causes	 a	 reduced	 volume	 of	
responsive	 transcripts	 compared	 to	WT	 exudate	 treatment,	 perhaps	 indicating	 a	 missing	
signal	 required	 for	 these	 spores	 to	 fully	 metabolically	 and	 physiologically	 prepare	 for	




storage	 lipids	 in	 fungal	 spores	 (140,	 278).	 This	 data	 joins	 previous	 research	 into	 the	
transcriptomic	response	of	R.	irregularis	to	rice	nope1	mutants	in	highlighting	the	benefits	of	





Another	well-studied	 category	of	AM	mutant	phenotypes	encompasses	 those	 that	 enable	
entry	and	movement	of	AM	fungi	into	the	plant	roots,	but	host	the	formation	of	abnormal,	
stunted	arbuscules.	This	 category	of	mutant	phenotypes	 includes	 the	str	mutants	and	 the	
phosphate	 transporter	mutants	 such	 as	Ospt11/Mtpt4	which	 are	 attributed	 to	 erroneous	
nutrient	signalling	(101,	121,	165).	This	thesis	has	described	a	maize	mutant	phenotype	that	










utilised	 to	 understand	mutant	 phenotypes	 that	 display	 defects	 in	 the	 later	 stages	 of	 the	
symbiosis.	Mutants	of	rice	PAM-localised	receptor-like	kinase,	ark1,	display	reduced	vesicle	
formation	and	reduced	root	colonisation	visible	after	extended	 inoculation	periods.	When	
ark1	mutants	 are	 grown	alongside	WT	 rice	plants,	 vesicles	 and	 spore	production	 recover,	
indicating	an	involvement	of	this	receptor	in	fungal	fitness	(216).	The	rice	mutant	str1	that	







export	 pathway,	 have	been	 studied	 in	 a	 nurse-plant	 system.	 The	 ram2	 individuals	 display	
severely	 low	 colonisation,	 yet,	when	 grown	with	WT	 nurse-plants,	 colonisation	 levels	 are	
significantly	 improved.	These	mutants	also	harbour	stunted	arbuscules,	and,	unlike	the	str	
mutants,	 growth	 of	 ram2	with	WT	 nurse-plants	 restores	 normal	 arbuscule	 development,	









by	 a	 lack	 of	 localised	 nutritive	 provisioning	 at	 the	 arbuscule	 that	 cannot	 be	 overcome	by	
transport	 of	 nutrients	 from	 outside	 of	 the	 plant,	 a	 hypothesis	 that	 has	 previously	 been	
considered	for	the	str	mutants	in	rice	(165).			
	
5.5	 	Is	 ina	caused	by	the	deletion	of	one	of	 the	three	candidate	genes	 located	
within	the	deleted	region?	
	
Association	 mapping	 of	 ina	 individuals	 revealed	 a	 roughly	 110	 kb	 deletion	 within	 these	
mutant	plants	 that	 encompasses	 three	 genes	 (Chapter	 4).	 Located	 in	 the	5’	 region	of	 the	
deletion	is	GRMZM2G333833,	predicted	to	encode	a	chloride	channel.	Ion	channels	with	a	
role	in	the	AM	symbiosis	have	previously	been	described,	including	the	potassium	channel	
DMI1	 that	 interacts	 with	 the	 nucleotide-gated	 CNGC15	 calcium	 channels	 (73,	 74).	 These	




























cannot	be	 rescued	by	 the	presence	of	WT	nurse-plants.	Though	 this	would	suggest	 that	a	









is	 required	during	 the	pre-symbiosis.	 It	 is	not	unfeasible	 that	 the	mycorrhizal-specific	 lipid	
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derived	FAs	 for	colonisation	of	A.	thaliana	 (160).	 In	a	comparable	phenotype	to	 ina,	ram2	
plants,	defective	in	the	mycorrhizal	lipid	export	pathway,	have	been	described	with	very	low	







involved	 in	 the	 lipid	 export	 pathway	 and	 the	 regulation	 of	 the	 STR	 genes	 have	 not	 been	
studied	 in	 maize,	 none	 of	 these	 mutants,	 such	 as	 ram1,	 ram2,	 fatb,	 and	 dis,	 have	 been	
recorded	as	essential	for	fungal	hyphal	penetration	or	entry	of	roots	(153,	156,	168).		
To	date,	 no	experimental	 evidence	has	 suggested	 a	 role	 for	 STR	or	 STR2	 in	 pre-symbiotic	
signalling.	 The	 localisation	 of	 STR	 and	 STR2	 also	 do	 not	 support	 a	 role	 of	 STR2	 in	 the	
presymbiosis,	as	an	exporter	of	a	signal	required	for	pre-symbiotic	interactions	would	likely	
localise	to	the	root	epidermis	in	order	to	export	a	signalling	compound	to	the	rhizosphere.	
Data	 from	M.	 truncatula	 observed	 localisation	 of	 STR	 and	 STR2	 at	 the	 PAM	 surrounding	
arbuscule	branches	using	a	split-YFP	system	(166,	314).	However,	this	system	is	limited	in	only	
assessing	 localisation	 of	 STR2	 in	 relation	 to	 its	 dimerisation	 with	 STR,	 and	 it	 is	 unknown	
whether	 STR2	 forms	 additional	 partnerships	 at	 alternate	 locations.	 In	 rice,	 root	 cell	 types	
were	collected	using	laser	microdissection	and	assessed	for	their	expression	of	STR	and	STR2.	
Expression	was	found	only	in	arbusculated	cortex	cells,	and	not	in	cortical	cells	that	did	not	




















previously	mentioned,	 ina	 phenocopies	 str	mutants	 from	 rice	 in	 that	 it	 supports	 stunted	
arbuscules	that	remain	even	under	nurse-plant	conditions	(165).	The	homolog	of	OsSTR2	is	
deleted	 from	 ina	 plants	 and	 no	 ZmSTR2	 transcript	 can	 be	 detected	 under	 mycorrhizal	
conditions	 in	 ina	 individuals,	with	 or	without	 the	 presence	 of	 nurse-plants	 (Chapter	 4).	 It	
therefore	seems	likely	that	ina	is	defective	in	the	hypothesised	role	of	STR/STR2	in	exporting	
lipids	at	the	arbuscule	interface	to	the	fungal	symbiont	(153).		
It	 is	 worth	 considering	 the	 identification	 of	 antiSTR1,	 a	 possible	 cis-natural	 antisense	
transcript	 (NAT)	 complementary	 to	 the	STR1	gene	 in	 rice	 (165).	Cis-NATs	are	endogenous	
RNAs	transcribed	from	the	antisense	DNA	strand	of	the	genomic	loci	that	encodes	their	sense	
transcript	(315).	The	discovery	of	antiSTR1	brings	forth	questions	regarding	the	regulation	of	
the	 STR	 genes.	 If	 STR1	 is	 under	 regulation	 by	 a	 cis-NAT,	 perhaps	 STR2	 expression	 is	 also	
regulated	by	elements	that	bind	somewhere	within	the	deleted	region	in	ina	plants.	However,	
no	antiSTR2	cis-NAT	was	 identified	 in	 rice,	and,	as	cis-NATs	 target	 the	 transcript	 from	the	
same	 genomic	 loci	 that	 they	 are	 produced	 from,	 it	 is	 unknown	 whether	 the	 identified	
antiSTR1	 could	have	any	 regulatory	effect	on	STR2	expression	 (165).	 Still,	 the	question	of	
whether	the	ina	phenotype	is	caused	by	removal	of	regulatory	elements	or	their	binding	sites	
rather	than	the	deleted	genes	themselves	is	one	worth	considering.		
Toward	 the	3’	end	of	 the	deletion	 identified	within	 ina	 individuals	 is	GRMZM2G035222,	a	
predicted	kelch	repeat-containing	F-box	family	protein.	F-box	proteins	are	a	component	of	
	 108	
protein	 degradation	 mechanisms	 required	 for	 posttranslational	 regulation	 via	 the	





a	 component	 of	 SCF	 complexes	 that	 mediate	 protein	 degradation,	 a	 mechanism	 that	
regulates	cellular	processes	and	signals	through	alteration	of	protein	levels	(85).	The	rice	F-





mycorrhizal	 conditions,	 thus	 these	 proteins	 may	 have	 a	 strong	 role	 in	 regulating	 cellular	







stunted	arbuscule	phenotypes	observed	 in	 ina	 individuals	are	 caused	by	one	gene	or	 two	
different	genes,	if	indeed	any	of	the	three	candidate	genes	are	responsible.	Alternatively,	a	
non-coding	 regulatory	 sequence	 located	 within	 the	 ina	 deletion	may	 be	 the	 culprit.	 This	
experiment	 is	 ongoing	 and	 involves	 the	production	of	 three	 independent	 knockout	maize	
lines	generated	via	CRISPR-Cas9	(226).	The	generation	of	these	knockout	lines	is	being	carried	










Understanding	 the	 alterations	 in	 pre-symbiotic	 signalling	 that	 may	 take	 place	 in	 ina	
individuals	can	be	assessed	from	the	perspective	of	the	plant.	This	could	be	facilitated	by	a	
transcriptomics	 analysis	 via	 RNA-Sequencing	 of	 ina	 individuals,	 and	 of	 any	 successfully	
phenotyped	 CRISPR-Cas9	 knockout	 lines.	 Studies	 of	 plant	 pre-symbiotic	 responses	 to	 the	
presence	of	an	AM	fungal	partner	frequently	require	treatment	of	WT	and	mutant	individuals	
with	fungal-derived	GSE,	analogous	to	analysing	transcript	expression	of	fungal	genes	through	
treatment	 of	 spores	 with	 root	 exudates.	 This	 would	 produce	 insight	 into	 whether	 ina	
individuals	differ	 in	their	 initial	perception	of	fungal	pre-symbiotic	signals,	and	 it	would	be	
valuable	to	include	nope1	mutants	in	such	an	analysis,	as	ina	and	nope1	are	both	involved	in	








a	 transcriptomics	 analysis	 of	 ina	 individuals	 that	 have	 been	 colonised	with	 the	 aid	 of	WT	
nurse-plants,	to	highlight	any	differences	in	transcriptomic	signature	compared	to	colonised	
WT	maize	plants.			
In	 order	 to	 understand	 whether	 the	 requirement	 for	 INA	 for	 pre-symbiotic	 signalling	 is	
conserved	among	hosts	of	AM	fungi,	it	would	be	worth	conducting	phylogenetic	analyses	of	
the	gene	in	question,	and	perhaps	exploring	mutant	phenotypes	in	other	plant	systems.	In	
addition,	 studying	 plant	 AM	phenotypes	with	multiple	 species	 and	 genera	 of	 AM	 fungi	 is	










(101,	165).	The	 identification	of	 the	d14l	mutant	opened	up	a	new	signalling	pathway	 for	
further	study	(91),	studies	 into	the	nope1	mutant	 identified	a	novel	signal	required	by	AM	
fungi	for	colonisation	of	host	roots	(33),	and	recent	research	into	plant	genes	required	for	a	





identification	of	 three	candidate	genes	 located	within	a	deletion	 in	 ina	plants,	 including	a	
known	component	of	the	AM	symbiosis,	STR2.		Despite	the	requirement	for	further	research	
into	this	mutant	phenotype	and	the	generation	of	independent	knockout	lines,	this	study	has	
provided	 a	 strong	 understanding	 of	 the	 ina	 phenotype	 and	 has	 taken	 steps	 toward	
characterising	 the	 symbiotic	 function	 that	 may	 be	 missing	 from	 these	 plants.	 Due	 to	
experimentation	 carried	 out	 for	 this	 thesis,	 it	 is	 understood	 that	 INA	 functions	 in	 pre-
symbiotic	 interactions	 where	 it	 is	 likely	 required	 for	 plant-to-fungus	 signalling.	 This	 was	
highlighted	 by	 a	 transcriptomics	 analysis	 of	 R.	 irregularis	 spores	 that	 produce	 differing	
responses	to	WT	and	ina	root	exudates,	suggesting	the	absence	of	a	required	pre-symbiotic	
signal	 from	 ina	 exudates.	 In	 addition	 to	 the	 characterisation	 of	 the	 ina	 pre-symbiotic	
phenotype,	through	the	aid	of	nurse-plant	experiments,	a	stunted	arbuscule	phenotype	was	
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